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(i) 
ABSTRACT 
The work presented within this thesis relates to the thermal management and operation of a 
carbon monoxide selective oxidation unit for use with a Solid Polymer Fuel Cell (SPFC) 
The transport sector is responsible for a large part of the total man-made emissions 
in the world. The most critical aspect of this pollution is the formation of ozone in large urban 
areas were emission ofVOCs and NOx can result in ambient ozone concentrations which can 
be considered dangerous to public health. To reduce and control the pollution, the State of 
California has decided that I 0% of the vehicles sold after in California 2003 from any volume 
car manufacture must be Zero-Emission-Vehicles (ZEV). Countries in Europe have 
concentrated on decreasing the rate of tax on low emission vehicles and only allowing 
emission free vehicles into the area around the city centre. 
As a result, the car makers have to develop other power sources to meet this requirement. 
Batteries as an on-board energy store have been used in many applications. In the past the 
range and the top speed of battery powered cars have been poor, compared to cars powered 
by an ICE, due to the low energy density of the battery. The car makers have, therefore, 
looked for other power sources and fuel cells can offer a solution to the problem. 
A fuel cell is an electrochemical device that produces electricity without moving parts. It 
makes no noise and creates a very low or zero emission. Fuel cells often use hydrogen as fuel, 
formed, for example, from methanol (CHpH), and can achieve emission levels less than those 
levels established for the California Ultra Low Emission Vehicle. 
Methanol as an on-board fuel is very attractive as it has a high energy density (approximately 
half the density of petrol) and can be refilled in a similar manner to petrol. Methanol will need 
a reformer to convert the methanol into a hydrogen rich gas stream, and a Gas Clean-Up Unit 
(GCU) to reduce the CO level in the gas stream to < 20 ppm to prevent a decrease in the 
power output of the fuel cell. The GCU used for this work consisted of a heterogeneous 
catalyst which selectively oxidised CO in the presence ofHydrogen. This exothermal reaction 
(ii) 
is critically influenced by the temperature of the reaction. If the temperature is too high then 
the hydrogen will be oxidised, if it is too low then there will be inactivity 
The objective for this project was i) to test a heat exchanger coated with a catalytic 
formulation (integrated reactor) designed to reduce the CO level ii) design and develop a 
thermal management system (cooling system) capable of controlling the temperature of the 
catalytic reaction in the GCU at a temperature between 130-180°C. 
Before the cooling system was incorporated into the GCU, two test rigs were made to 
determine the efficiency of the heat exchanger and design the thermal management system, 
respectively, before it was installed into the GCU. The test rigs were capable of producing 
approximately the same working conditions as the GCU, and air was used instead of a 
hydrogen rich gas stream. The fuel used had an initial CO-level of7000 ppm. 
Two heat exchangers (PHE) coated with a catalytic formulation of Pt-Rh (platinum-rhodium) 
and one coated with Pt-Ru (platinum-ruthenium) were tested to determine the operating 
characteristics. They both contained two 1.5 metre stainless steel coils. The coils was encased 
in compacted stainless steel granules applied with the above catalytic formulations. As 
expected, the sintered steel granules gave a large improvement in the efficiency of the heat 
exchanger. The efficiency was found to be approximately 80-90%. The efficiency without the 
sintered steel was only approximately 15%. 
The thermal management system was controlled by the computer program LabTech 
Notebook, using a Proportional+Integral+Derivative (PID) control strategy. An estimate of 
the systems transfer function was found and programmed into the control simulation computer 
program Sirnulink, to select the controller gains. The computer generated response was 
underdamped and had a damping ratio of/;= 0.011. 
A test of the controller installed in the test rig showed stable and satisfactory results and the 
temperature stayed within a temperature span of ±5%. 
(iii) 
A overview of technology at the present level, was produced following a series of tests. It 
was found that the lowest CO level was 500 ppm at a fuel flow of2.5 SLPM at a 
stoichiometric of2, 3 and 3.5%. This gave a conversion efficiency of approximately 93%. This 
result was achieved with a heat exchanger coated with a formulation of Pt-Ru (platinum-
ruthenium). 
The total results of the performance of the thermal management systems were satisfactory, 
despite mechanical problems. The result of the thermal control of the catalytic reaction inside 
the reaction shows, that the thermal management had a large impact on the overall stability of 
the CO level and performance of the GCU. However, the typical CO output was still in the 
range of 500 ppm (» 20 ppm) with a catalytic formulation ofPt-Ru. 
(iv) 
NOMENCLATURE 
C [J/kg•OC] 
C[W/K] 
: Specific heat capacity 
: Heat capacity 
c [OC] 
d 
: Steady-state temperature change 
: Inside diameter 
D fo [Hz] 
t [m] 
6.H [J/s] 
I [A] 
k 
k 
K 
Kp 
Kr 
Ko 
L [m] 
m [kg/s] 
M [mols/s] 
MO 
~~W] 
t 
T (K](°C] 
Ts 
Td 
T 
if [Vl 
w [m7s] 
z 
: Outside diameter 
:Bandwidth frequency 
: Surface area 
: Heat Capacity 
:Current 
: Stoichiometry 
: Transmission number 
: Steady-state gain 
: Proportional constant 
: Integral constant 
: Derivative 
: Pipe length 
: Mass Flowrate 
:Molar Mass Flowrate 
: Step response 
:Overshoot 
:Power 
:Time 
:Temperature 
: Settling time 
: Transport delay 
:Rise time 
:Voltage 
:Flow rate 
: Transmission number 
Greek St,mbols: 
a [W/m ·K] :Heat transfer 
E [%] : Efficiency 
K :Capacity 
I. [W/m·0C] :Thermal Condudivity 
v [m2/s] :Kinematic Viscosity 
p [kg/m3] : Density 
r [sec] :Time constant 
<p [W] : Energy 
Dimensionless Groups: 
llpc :Number of Fuel Cells 
Nu : Nusselt number 
Pr : Prandtl number 
Re : Reynolds number 
Constants: 
e = 1.602·10·19 C ~Change of proton) 
L = 6.02·1023 mol· (Avogadro constant) 
1t=3.14 
(v) 
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1.0 OBJECTIVE 
The use of methanol as on-board fuel for SPFC automotive applications is a most attractive 
proposition. Vaporised Methanol in combination with steam is re-formed at approximately 
280°C to produce a hydrogen rich fuel stream. However, it is necessary to have a Gas Clean-
Up Unit on-board to reduce the CO output in the gas stream prior to the fuel cell in order to 
prevent a rapid decrease in the power output of the fuel cell. 
The objective for this project is as follows: 
I) Test an integrated reactor designed to reduce the CO output from the gas stream from 
7000 ppm to < 20 ppm. 
2) Design and develop a thermal management system capable of controlling the 
temperature of the catalytic reaction in the integrated reactor. The reaction occurs over 
a catalysed stainless steel heat exchanger at a temperature of approximately 
130-180°C. 
I 
2.0 INTRODUCTION. 
This introduction gives a general overview of some of the reasons for the interest in emission 
free vehicles and compares the different app lications and their present and future potential. 
2.1 WHY EMISSION FREE VEHICLES. 
The interest in alternative fuels for vehicles increased during the o il crises in the 1970's and has 
increased in recent years due to concern about the environment. The question of 
environmental pollution is very complex and is not solely a matter of decreasing the pollution 
from the transport sector. Figure 2.1 gives an overview of why emission free vehicles are of 
importance. 
DOMESTIC PRODUCE D 
FUEL 
WHY EMISSION FREE 
VEHICLES 
POLLUTION NOISE 
-
Figure 2. 1, Why emission free vehicles. 
2 
BATT ERY VEHICLE 
Many of the Asian countries have in recent years improved their economies and social welfare 
due to the avajlabitity of a cheap and well educated workforce which today is important for 
large scale production. Many companies have therefore built factories in this part ofthe world. 
This has created a new and vast potential market for the car makers, China is a very good 
example of trus. Cars for the o rdinary family in Cruna will be made available in the near future 
probably manufactured by the European car makers using factories in China. The number of 
cars in Europe will continue to increase as well and together with the new markets in Asia, the 
increase in the numbers of cars world-wide will be a very great threat to the environment. The 
forecast by [ I] says that the number of cars world-wide will increase by 50% in the next 20 
years. 
The transport sector is responsible for a considerable proportion of the total pollution of the 
world and represents over 50% (see figure 2.2) of the overall man made emission. This 
pollution rate is even greater in urban areas. 
55% 
6% 
2% 
D Transportation 
D Fuel corn bustion from stationary sources (power, heating) 
D Industrial processes 
D Solid-wast disposa l 
D Miscellaneous (forest fires, agricu ltural burning, etc.) 
Figure 2.2, Sources of air pollutants, 1980. [2] 
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The most critical aspect of the air pollution problem is the formation of ozone in large urban 
areas where, under certain conditions, emissions ofVOCs and NO~ can result in ambient 
ozone concentrations up to three times the concentration considered safe for public health 
[17]. Figure 2.3 shows the transportation share of emission. As shown, the VOCs and NOx 
represent 31 % and 43% respectively. 
I 
CO -
I 
J 
NO - I 
I 
Lead - I 
I 
VOCs - j 
I 
C02 - I 
I 
Particulates -
I - _,_ 
0 10 20 30 40 50 60 70 
Figure 2.3 Transportation Share ofEmission [17]. 
Nearly all the vehicles sold today are powered by an internal combustion engine, although 
there is no immediate oil shortage and the fuel price is relatively low, tlus situation will no t 
continue. The latest forecast [3 ] fro m the World Energy Council (WEC) say that o il reserves 
will only last for 45 years. 
As long as the oil prices are low the pressure on the car makers must come from outside. 
Environmental groups and o rganisations have, for many years, asked for tougher laws to fo rce 
the car makers to reduce the pollution coming from the transport sector. The State of 
California has decided that a percentage of vehicles must have ultra low or zero emission. A 
number of other states look set to fo llow this lead. Californian Law requires that 10% of the 
4 
vehicle sa les of any vo lume manufacturer into California in year the 2003 must be of zero-
emission vehicles (ZEV) [29]. In many European countries action has been concentrated on 
decreasing the rate of tax o n low emission vehicles (battery powered vehicles) while future 
moves are likely to come by only allowing emissio n free vehicles into the area around the city 
centre. In the UK, road tax has been increased on e lectric vehicles, a lthough it remains 
significantly less than for other vehicles. 
2.2 POWER SOURCES. 
To meet the future regulations described above, it is necessary to look for alternative power 
sources to the ones used today based on fossil fuels. 
2.2.1 Pollution. 
Po llution is the main reason for the interest in electrical vehicles. However it is impo rtant to 
consider how the e lectrical energy is produced. 
Average Car I 
I I I 
Golf Diesel I 
I 
Golf Hybrid I 
GolfElectro with 
power sources: 
Brown Coal I 
Hard Coal I 
I 
Crude Oil J 
I I 
Natural Gas _] 
I I 
Multi Fuel I 
Nuclear J J 
- - - - - !---
0 so 100 150 200 250 300 350 
C02/km 
Figure 2.4, COi km from: Average Car, VW GolfDiesel, VW GolfHybrid and VW E lectro, 
electricity produced from different power sources. [5] 
5 
Research carried out in Cologne, Germany showed that the C02 emission can be higher using 
electrical vehicles than an average car. The result of the research, show the ratio ofCO/ krn 
coming from a VW GolfEiectro (batteries recharged with e lectricity produced on different 
power plants) compared with a VW Golf Diesel and a VW Golf Hybrid (a hybrid vehicle with 
an electric motor used in urban areas and a diese l engine used outside the urban area) is shown 
in figure 2.4. 
When considering C02 emission, the two most attractive options were the Golf hybrid and the 
Golf using an electric motor if the electricity was produced on a nuclear power plant or with 
renewable energy sources. It would not be attractive to use an electrical vehicle, ifthe 
electricity was produced using, for example, brown coal. It must not be forgotten that the way 
the electricity is produced will have a considerable effect on the overall po llution balance. 
2 .5 
,.-- r-
2 
1 .5 
E 
~ 
Cl 
1 r-
0.5 
0 I l r n r--:7 I I I I I I LEV 1994 FCV, Methano l 
U.S. Fed . 1991 ULEV 1997 FCV, Hydrogen 
D NMOG D CO D NOX 
Figure 2.5 , Fuel cell techno logy compared to California ULEV standards [6]. 
An alternative to a battery powered vehicle is a fuel cell powered vehicle. A fuel cell is an 
electrochernical device that produces electricity without moving parts. It makes no noise and 
creates very low emission. Fuel cells use, for example, hydrogen, formed from methanol, as 
fuel. A fuel cell vehicle operated on methanol can achieve emission levels for non-methane 
6 
organic gas (NMOG), CO, and NOx substantially lower than those levels established for the 
California Ultra Low Emission Vehicle standards. Figure 2.5 illustrates projected emissions of 
a fuel cell powered vehicle compared to current and future standards. If hydrogen is used for 
fuel, the fuel cell vehicle is a Zero Emission Vehicle. 
2.2.2 Energy Density. 
It is essential that future development in vehicle technology will lead to low emission or zero 
emission vehicles that can achieve a similar performance to vehicles powered by an internal 
combustion engine. The key problem in this case is the energy density. A major effort is being 
made to improve the battery as an energy store. However, there is a considerable way to go 
before the energy density ofthe battery as an energy store reaches that of conventional liquid 
fuels. The same amount of energy is stored in one litre of diesel, as in over I 00 kg of lead acid 
batteries. Figure 2.6 show the energy density of different power sources. 
Pe trol -
Methanol 
H2-Liquid -
1-----j 
H 2-Compressed D 
H2-Hydride -0 
Lithium-Polym er Battery -~ 
N a/S Ball cl')· -~ 
Lead Acid B attel')· - U 
0 2000 4000 
Figure 2.6, Specific Energy in Whlkg [7]. 
I I I 
J 
J 
6000 8000 10000 12000 14000 
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However, as the energy density is so low compared with petroleum and as a result, the driving 
range of the vehicles limited, it is not at present attractive to use batteries as an energy store. 
One of the most attractive fuels for use in a fuel cell vehicle is methanol. This is because 
methanol has approximately half the energy density of petrol and can be stored and refilled in a 
similar manner. Methanol can be produced domestically by the following processes: I) from 
Natural Gas 2) from biomass or 3) by electrolysis. 
It is possible to use methanol to produce hydrogen as fuel on board a fuel cell powered 
vehicle. Tests have shown that fuel cell powered vehicles can have performance and cost 
characteristics similar to today's vehicles. 
2.3 HISTORY OF THE FUEL CELL. 
The inventor of the fuel cell was Williarn R. Grove (I 8 I 1-1896) from Swansea in Great 
Britain. He made his living as a lawyer but he constructed the first fuel cell in I 839. Other 
important inventions from the I 9th century in the area of energy transformation devices 
include, for example, the electric motor and the internal combustion engine and with the vast 
reserves of cheap oil that were soon discovered, it was the internal combustion engine that 
was taken up and developed. 
It was not until the 1950s that Francis Bacon succeeded in building a device that could 
generate practical amounts of power (the alkaline fuel cell). Building on the success of the 
Bacon cell, the Pratt and Whitney Division of the United Technologies Corporation began a 
progranune sponsored by the U.S. government to develop a fuel cell for the Gemini and 
Apollo Space programme in the 1960s and early 1970s. The cell that was developed has been 
used on board the Space Shuttle flights from the I 970s to the present day. Other advanced 
fuel cell systems have been developed by Siemens for military underwater applications. 
For commercial and industrial applications, the private sector has worked during the past 30 
years to develop fuel cells for generating electricity and hundreds of fuel cell stacks have been 
manufactured by Ballard Power Systems. These stacks have been tested by organizations 
8 
around the world and have also been used to power several fuel cell powered buses and many 
stationary power plant demonstration units. 
Other fuel cell vehicle programmes are under development. The "Green Car", developed by 
Energy Partners, Florida, is a two-seater sports car. Energy is supplied by two 10 kW solid 
polymer fuel cells that power a 57 bhp electric motor capable of pushing the car faster than 
145 km/h, with a range of200 km of highway driving [8]. 
·~~~.llllll 
' \'·f·:::. '\ l ·' ';.•i,_--_; '\ \ ~ j . 
\-,. 
NEBUS 
Figure 2.7, Fuel cell powered bus produced by Daimler-Benz AG in Germany [9]. 
Gennany's Daimler-Benz AG has produced a bus powered by a fuel cell (figure 2.7). In this 
Nebus (New Electric Bus) prototype, the fuel cell replaces short-range heavyweight batteries. 
Seven aluminium cylinders, containing 45,000 litres of hydrogen, are carried on the roo£ The 
fuel cell consists of 10 stacks producing a gross output of250 kW providing an operating 
range of250 km and a top speed of 80 km [9]. 
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3.0 VARIOUS FUEL CELL SYSTEMS. 
Several fuel cell systems have been developed and the most important will be described in this 
section. 
3.1 THE BASIC PRINCIPLES. 
A fuel cell is an electrochemical device which converts the free-energy change of an 
electrochemical reaction into electrical energy. The principles of operation are illustrated in 
figure 3.1. 
Load 
Porous cathode Porous anode 
Cathode reaction -
Oxygen ~-Hydrogen 
Electrolyte 
Figure 3.1, Principle of operation of a typical fuel cell [10 ]. 
Two electrodes (made of, for example, platinum) are immersed in an electrolyte. The anode is 
supplied with, for example, hydrogen (other fuels include: methanol, ethanol, ammonia, 
hydrazine ). The other electrode, the cathode, is supplied with oxygen. An electrical potential 
difference, E = 1.23 Volts can be measured between the electrodes. Ifthere is a connection 
between the electrode and an external load, then for every molecule of hydrogen consumed, 
10 
two electrons pass from the anode to the cathode, where they react with absorbed oxygen. 
The electrochemical reaction occurs at two separate reaction sites: 
Anode: 2Had - 2H+ + 2e· 
Each hydrogen molecule brought to the anode surface is dissociated into two atoms because 
of the catalytic properties of the surface. The proton enters the solution as a hydrogen ion, 
leaving behind two electrons, which pass through the external circuit to the cathode. 
Cathode: 
The oxygen supplied to the cathode reacts with hydrogen ions from the electrolyte and the 
electrons to give water. 
In practice, the operation of the cathode is complicated by the formation of hydrogen peroxide 
and metal oxide. Hydrogen ions consumed at the cathode are replaced by those generated at 
the anode. 
Overall reaction: 
The difference between the fuel cell types is generally the material used for the electrodes, the 
electrolyte and the temperature of operation. 
3.2 ALKALINE FUEL CELLS. 
The unique advantage of an alkaline fuel cell is that noble metal electrocatalysts are not 
necessary. Even with a non-noble metal, the oxygen electrode performance is extremely good. 
Alkaline fuel cells generally operate at around 60-80°C. The operating pressure is low, often 
being atmospheric pressure. 
The alkaline fuel cell system is one of the most attractive systems for the transportation 
application because it is capable of achieving high energy efficiencies and high power densities 
11 
without using noble metal electrocatalysts. At present, the fuel efficiency obtainable is about 
40% and the power density is between 100-200 mW/cm2• The projected fuel efficiency and 
power density is 50% and more than 300 mW/cm2, respectively. It is expected that the lifetime 
will be more than 10000 hours and the capital costs will be more than 200 $/kW (see section 
3.6). 
The major challenge with this fuel cell is the complete removal of C02 from the gas streams 
before their entry into the fuel cell stack. Even small levels of C02 in the air (about 3500 ppm) 
is enough to carbonate the electrolyte and form solid deposits on the electrodes. 
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Figure 3.2, Principle of operation of an Alkaline Fuel Cell (Siemens) [11]. 
3.3 MOLTEN CARBONATE FUEL CELLS. 
Supporting mesh 
Compression 
pressure (2.8 bar) 
Electrolyte 
(+) 
Cathode 
Figure 3.3 shows a schematic representation of a molten carbonate fuel cell (MCFC). 
The electrolyte is made of a molten alkali carbonate mixture retained in a porous alurninate 
matrix. The anode and the cathode are made oflithiated (NiO) and nickel with 10% Cr, 
respectfully. 
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Since the MCFC operates at about 650°C, a power plant with cell stacks of this type has 
several favourable characteristics for utility power generation. The operation temperature is 
high enough to produce high-quality waste heat. This high-temperature waste heat can be used 
for fuel processing and cogeneration and for internal reforming of methane. 
The MCFC nominally operates at 160mA/cm2 to produce 0. 75 V per cell at atmospheric 
pressure and 75% fuel (hydrogen) utilization. The performance is better under pressure. 
4.-
ANODE CATHODE 
Figure 3.3, Schematic of a Molten Carbonate Fuel Cell [11]. 
3.4 SOLID OXIDE FUEL CELLS. 
The operating principle of a Solid Oxide Fuel Cell (SOFC) is shown in figure 3.4. 
The SOFC is a power system which uses yttria-stabilized zirconia as the electrolyte layer. The 
system can provide high-quality waste heat for cogeneration applications and bottoming 
cycles. Yttria-stabilized zirconia is sufficiently ionically conducting at about 1 000°C for use as 
an electrolyte layer in fuel cells. 
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Three major designs are being developed, namely tubular, monolithic and planar. The tubular 
design was created and developed by Westinghouse Electric Corporation. It is the most highly 
developed of the three designs and is expected to be commercialized in the 1990s. 
SOFCs are very attractive for electric utility and industrial applications. The target is 
ultimately to reduce the capital cost of the fuel cell plant to about $1000 to $15 00/ per 
kilowatt. 
!OOO'C 
11202 (Air) 
t 
H2 H20 
Porous 
Cathode 
Porous 
Anode 
Figure 3.4, Principle of operation of a high-temperature Solid Oxide Electrolyte Fuel Cell [11]. 
3.5 SOLID POLYMER ELECTROLYTE FUEL CELLS. 
The operating principle of a Solid polymer fuel cell (SPFC) is shown in figure 3.5. 
The solid polymer fuel cell is perhaps the most elegant of all fuel cell systems in terms of 
design and mode of operation. It consists of a solid polymeric membrane, which acts as an 
electrolyte, sandwiched between two platinum-catalysed porous electrodes. The SPFC 
requires humidified gases, hydrogen and oxygen. 
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The solid polymer electrolyte fuel cell operates at a lower temperature than the MCFC and 
SOFC. The limit on the temperature at which the fuel cell operates is set by the thermal 
stability and conductivity characteristics of the polymeric membrane used as the electrolyte. 
The SPFC fuel cell has a very high power density, combined with the potential for very low 
cost. This has convinced many that the SPFC fuel cell is the most probable power plant for 
the next generation of non-polluting automobile engines. 
Load 
-Anode +Cathode 
Gas 
C om partm en t 
Hydrogen~ 
Figure 3.5, Schematic of Solid Polymer Electrolyte Fuel Cell [11]. 
Porous Carbon 
Electrode with 
Dispersed Platinum 
Particles 
--(-Oxygen 
3.6 ADVANTAGES AND DISADVANTAGES OF FUEL CELLS. 
The relative advantages and disadvantages of the type of fuel cells described above are best 
assessed on a quantitative basis. For this purpose, the factors taken into consideration are (i) 
fuel efficiency; (ii) power density; (iii) projected rated power level; (iv) projected lifetime; (v) 
projected capital cost. Table 3.1 provides the estimations. 
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Table 3.1, Advantages and Disadvantages ofDilferent Types ofFuel Cells [ll] 
Type of fuel cell Fuel efficiency Fuel efficiency Power density Power density Rated power level Lifetime Capital costs Application, Time frame 
(%) (%) (mW/cm2) (mW/cm2) (kW) (h) ($/kW) 
Present Projected Present Projected Projected Projected Projected 
Alkaline 40 so 100-200 >300 10-100 >10,000 >200 Space 1960-
Transportation 1996-
Standby power 1966-
Molten carbonate 45 50-60 100 200 I 000-100,000 >40,000 1000 Base load and 
intermediate 
load power generation, 
cogenerating 1996-
Solid oxide 45 50-60 240 300 I 00-100,000 >40,000 1500 Base load and intermedia 
load power generation, 
cogeneration 2000-
Regenerative 2010-
Space and terrestrial space 
Solid polymer 45 50 350 >600 1-1000 >40,000 >200 Space 1960-
Transportation 1996-
Standby power 1992-
Underwater 1996-
4.0 FUEL CELL POWERED VEHICLES. 
To describe the key components in a fuel cell powered vehicle, the components for a 4.6 tonne 
delivery van will be used. The work carried out on the delivery van was sponsored by the 
European Community Joule 11 programme, with some of the components being developed at 
Loughborough University. 
4.1 THE FUEL CELL SYSTEM. 
The key components are shown in figure 4. I and include a (i) methanol tank; (ii) reformer; (iii) 
gas cleanup unit; (iv) solid polymer fuel cell; (v) air compressor; (vi) batteries; (vii) controller; 
and (viii) motor. 
Methanol Reformer Gas Cleanup Unit Fuel Cell Air Compressor 
Motor Controller Batteries 
Figure 4.1, Power and energy flow through the system [12]. 
Methanol tank: 
Methanol liquid at room temperature and can thus be stored in a tank and refilled in a similar 
manner to petroleum. Methanol was chosen as the fuel for the system, because of its high 
energy density and ease of reforming. 
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Reformer: 
Fuel reformers, as an alternative to on board hydrogen, allow the extraction of hydrogen from 
fuels such as methanol and natural gas. A catalytic steam reformer converts the methanol at a 
temperature of about 280°C. The proportions ofH2, C02 and CO are approximately 74%, 
24.3% and 0.7% respectively (7000 ppm). The CO has to be removed before the fuel gas 
enters the fuel cell, because CO poisons the platinum catalyst in the cell stacks. 
Gas cleanup unit: 
The 7000 ppm CO is further reduced to less than 20 ppm by the Gas Clean-Up unit before it is 
fed into the fuel cell. 
Fuel cells: 
The fuel cell system included 16 kW Solid Polymer Fuel Cell stack and air compressor 
produced by the Canadian company Ballard Power Systems. The fuel cell operates at a 
temperature of80°C and a pressure of3 bar (a) with a maximum current density of 1A/cm2• 
Air compressor: 
The air compressor feeds air into the fuel cell. 
Batteries: 
Batteries were required for accelerating, for storage ofbraking energy (regenerative braking) 
and for maintaining maximum speed for a certain period of time. The choice of battery type 
was influenced by the number of charges/discharges. The batteries chosen for the delivery van 
were Nickel Cadmium batteries. The battery pack was optimised to provide the power that 
was needed for accelerating the van from 0-60 kph in 17 sec and maintaining maximum 
crushing speed of 100 kph for 20 minutes. 
Controller: 
The most important process that is run from the controller is the energy management system, 
which controls the energy flow in the system, and the safety measures of the system. 
Motor: 
A 60 kW brushless DC motor was used which has the capacity of recovering energy by 
regenerative braking. The motor was torque controlled to give the driver the same 
acceleration as in a normal diesel van. 
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5.0 THE GAS CLEAN-UP UNIT (GCU) 
It is necessary to reduce the CO concentration from the unclean reformed gas from 0. 7% to 
,;0.002% (20 ppm) in order to prevent a rapid decrease in the power output of the fuel cell. 
The CO is catalytically oxidised in the presence ofH2• The GCU allows the CO to be oxidised 
to C02, which has no effect on the fuel cell performance. The reaction occurs at a temperature 
between 130-180°C. 
5.1 DESIGN AND OPERATION OF THE GCU 
This section examines the GCU and the thermal behaviour of the selective oxidation unit. A 
picture of the GCU is shown in appendix I. 
Loughborough University has the task of constructing a GCU capable of reducing CO levels 
in the reformer gas stream. Work carried out by Engelhard Industries, Los Alamos National 
Laboratories and General Motors have shown that oxidation of CO in the presence of 
hydrogen can be selectively catalysed by the use of platinum on alumina substrate. The CO 
was therefore removed from the reformate with the use of this technology. 
It is Loughborough University's task to evaluate and develop existing catalyst technology 
such that the incorporation of the GCU between the reformer and the fuel cell stack will allow 
operation of the stack without any unrecovererable loss in its performance due to anodic CO 
poisoning of the active catalyst. 
5.1.1 The GCU Test Rig. 
The GCU test rig contains two instrumentation ports and the heat exchanger/reactor. The 
unclean reformate passes into the GCU at the bottom and is mixed with air in the instrumenta-
tion port. The clean reformate leaves at the top of the GCU. A schematic of the GCU is 
shown in figure 5.1. 
Data sampling was carried out on line and CO analysis was performed with an ADC Infra-Red 
CO analyser. Data acquisition was carried out through a lap-top computer. 
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Nitrogen was used to purge the GCU so that the air was removed before testing. 
Clean reform ate 
Instrumentation port ~ CO sampling 
Cooling oil in 
In strum en tation port 
Nitrogen in -- -- Unclean reform ate in 
Figure 5.1, Schema of the GCU 
5.1.2 Operation of the GCU. 
During the tests air and hydrogen were fed into the GCU at a ratio of02:H2 below 4%, as 
0 2:H2 with a ratio higher than 4% is an explosive mixture. The graphs in figure 5.2 show the 
progress of a typical30 minute test. The positions of the thermal couples are indicated in 
figure 5.1. 
The red graph represents the CO level in the clean reformate. The CO level at the start of the 
test was approximately 3500 ppm (>> 20 ppm limit) and increased as the temperature 
increased in the monolith to a level of 5000 ppm. This was due to the loss of catalyst selectiv-
ity for CO oxidation at more elevated temperatures . The CO input was 7000 ppm. 
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Figure 5.2, CO output without cooling. 
5.2 PRIMARY HEAT EXCHANGER (PHE). 
Selective oxidation can be achieved by the use of a catalysed heat exchanger. The heat 
exchanger has the advantage of: 1) a lower pressure drop than a packed bed reactor, 2) faster 
dynamic response due to the exchanger removal by the heat exchanger surfaces. 
The heat exchanger was designed with a cross-matrix of2 x 1.7 m stainless steel coils encased 
in compacted sintered and catalysed stainless steel granulates. A picture of the PHE is 
included in appendix 2. 
A description of the heat exchanger design was necessary because of the thermal calculations 
which are included in appendix 3. This would under normal conditions result in the calcula-
tions being made as ifthere were two heat exchangers in a row, as shown below in figure 5.3. 
21 
t 
Tai 
Tbi 
t Air Massflow 
Figure 5.3, Schematic ofPHE 
To calculate for the two heat exchangers in a row, it was necessary to measure the tempera-
ture T,, something which was not possible with the present design. However, as the second 
coil was placed very close to the first the calculations could be simplified by assuming that 
there was only the one coil. Thus the average temperature of the inlet liquid, in this case water 
or oil respectively (T ai and Tb;) and the outlet liquid (T ao and T bo) had to be calculated. 
As shown below in figure 5.4.1, air passes straight through the heat exchanger, and thus 
passes the coil very quickly. This results in the temperature of the cool air being raised by only 
a very small amount, although the temperature response of the system was faster. Whereas 
when using the set up illustrated in figure 5.4.2, the nature of the sintered steel meant that the 
cool air could not pass straight through the heat exchanger and was therefore in contact with 
the hot surface for a longer time. This resulted in the temperature of the cool air being 
increased to a greater extent. However the temperature response of the system was relatively 
slow in comparison. 
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Coil Coil 
Air massflow Stainless steer granules Air masstlow 
5.4.1 5.4.2 
Figure 5.4, Heat Exchanger Design 
5.3 THE CHEMICAL REACTION. 
The predominant reaction is: 
In order to increase the rate of the above reaction, two stainless steel heat exchangers coated 
with Pt-Rh and Pt-Ru respectively were used. 
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5.4 ENERGY ANALYSIS OF THE GCU. 
The fuel cell stacks convert hydrogen and oxygen to electricity. The gross power output of the 
fuel cell system used for the delivery van was 16 kW. 
The following operating parameters were used in the calculations: 
Numbers ofFuel Cells in series: nFc = 144 (4 stacks) 
Average cell operating voltage: UFc = 0.55 V 
Fuel Stoichiometry: k = 1.5 
Fuel Cell operating efficiency: 
Fuel Cell operating temperature: 
GCU operating temperature: 
I mole gas: 
%Air02 = 21% 
The composition ofthe reformate is: 
Hydrogen: 
Carbon Dioxide: 
Carbon Monoxide 
0 2:H2 ration: 
IPFc = 37.36% 
TFc=353 K 
Tacu= 423 K 
v = 22.4 litres @ STP 
%H2 = 75% 
%C02 = 24.30% 
%C0=0.7% 
%02:H2 = 4 % (the 0 2:H2 lower explosion limit) 
A schematic of the GCU and the SPFC fuel cell is shown in figure 5.5. 
The current output from the Fuel Cell stack is given by: 
IFCS = PFCS X 1000 = 16 X 1000 = 202.02 A 
nFc x UFc 144 x 0.55 
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t 
Air Cooling liquid, outlet 
(2 98 K, 2 bar(g)) 
__ ,.. 
Clean Reformed 
Gas 
Figure 5.5 Illustration of the GCU and the fuel cell. 
The hydrogen flow rate required by the stack is given by: 
SPFC 
..C:- Oxygen 
= --=
2:..:c0=2·c.:.02::....,.,' ...:1...:44.:__' ...:1.:..:·5'----,.,. = 0.2262 mol si s 
2 . 6.02·1 023 • 1.602·10-19 
mFcsH = MFcs,H · v • 60 = 0.2262 · 22.4 · 60 = 304.06 SLPM 
' 2 2 
Reformate flow rate required by the stack is: 
304
·
06 
= 405.41 SLPM 
0.75 
The required power output from the fuel cell was initially calculated from fuel flow = 100% 
H2; Since some of the hydrogen is oxidised in the GCU then the hydrogen input flow rate must 
be increased to compensate for this. 
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The compensated reformate flow rate to the GCU is: 
rizFCS,Ref rizGCUjlef = ...,-1 _______ :.;::::::::!.. _______ = 
- ( 2 ( %02H2 • %H2 ) - ( %CO · 0.5 )) 
405.41 
mGCU,Ref = ______ ___:_::_:_:__:_::__ _____ = 429.69 SLPM 
1 - ( 2 ( 0.04 . 0.75 ) - ( 0.007 . 0.5 )) 
Compensated hydrogen flow rate to the GCU: 
mGCUH = mGCUre'. %H2 = 429.69 . 0.75 = 322.27 SLPM 
' 2 • '.! 
M GCU,H2 
CO flow rate to the GCU: 
322.27 
60. 22.4 
= 0.2398 mols/s 
mGCU,CO = mGCU,ref. %CO = 429.69 . 0.007 = 3.00 SLPM 
• fiiGCU,CO 3 00 M - - --..::..:.·=-=:-....,. = 2.23·10-3 mols/s 
GCU,CO - 60 ' V - 60 ' 22.4 
The oxygen flow rate to the GCU is: 
Mccuo = MccuH · %02H2 = 0.2398 · 0.04 = 0.0096 mols/s 
' 2 , 2 
The air flow rate to the GCU is: 
MGCUO • V • 100 0 0096 22 4 100 
mGCU,air = __ '...;';___ ___ . 60 = . • . • • 60 = 61.38 SLPM 
21 21 
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The CO oxidation power output is calculated below. The constants .1.H(T1), a, band c are the 
molar heat capacity for CO for the temperature range between 273-3800 K. 
W(Tacu) = W(T1) + 7u a + bT + cT-2 dT = 
r, 
2.6·10-3 • T2 ]423 
= -283000 + 0.8·Tacu+----0::.:c~u - 7·~2" 105 = 283508.72 J/s 
2 GCU 298 
Pea = 
Macuco ·Pea 
1000 
= 283508.72 · 2.23·10-3 = 0_632 kW 
1000 
The H2 oxidation power output is given by the equations below. The constants .1-H(T 1), a, b 
and care the molar heat capacity for H2 for the temperature range between 273-3800 K. 
PH, = -285800+[-11.8 · Tacu + 
4.91· 10-3 • T~cu 
2 l T GCu=423 - 3 ·~0" 105 = 284208.21 J/s GCU 298 
%CO · PH = 2 · (( %0 H - -- ) · M ) · p = 
2 2 2 2 acu,o, H, 
PH = 2 . (( 0.04 - 0·007 ) . 0.2398 ) . 284208.21 = 4.975 kW 
2 2 
The total oxidative power output is: 
Ptotal = p eo + PH = 0.632 + 4.975 = 5.61 kW 
2 
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6.0 DESIGN OF THE COOLING SYSTEM. 
The design of the cooling system was carried out by experimental work in combinat ion with 
theoretical calculatio ns in order to get the highest performance of the cooling system 
6.1 HARDWARE OF THE COOLING SYSTEM. 
An illustratio n of the cooling system is shown in figure 6. 1. 
Figure 6.1 , The Coo ling System 
The system contains the following units: 
Gear Pump: 
The gear pump pumps the oil with a pressure of approximately 3 barg around in the circuit. 
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Heater: 
The heater was used to heat the oil to approximately 150°C. 
Primarv Heat Exchanger CPHE): 
The PHE was a part of the GCU and contained two pipes with a length of approximately l . 7 
m. 
Secondary Heat Exchanger (SHE): 
To keep the cooling liquid between 130°C and 180°C a SHE was requLred. The SHE used a 
counter flow, which is the most efficient design. Water was taken from the ma ins and passed 
through the SHE controlled by a proportional valve . The maximum massflow through the 
valve was fo und experimentally to be 1.38 Vmin (0.023kg/s). The water Jlow was measured by 
a flowmeter. 
Oil reservo ir: 
An expansion tank (oil reservo ir) was necessary to allow for the change in fluid volume upon 
heating and cooling. Therefore, the o il reservoir sho uld be lar ge enough to accept the total 
heat expansion within its own dimension. 
Cooling Liquid : 
The operating temperature was between 130- 180°C. The cooling liquid used was Silko lene 
S ilquench 127 o il which has good thermal stability at temperatures up to 320°C. It was not 
appropriate to use a high pressure water based system for thjs heat exchanger system as water 
has a higher specific heat capacity (cp = 4200 Jlkg· 0 C) than Silquench 127 (cp = 2400 J/kg·°C), 
Thus the amow1t of heat able to be taken fro m the PHE was lower. 
6.2 THE TEST RIG. 
Before the cooling system was incorporated into the GCU, a test rig was built to design and 
test the contro l strategy. The heat was p rovided by a heat gun capable of heating the PHE o n 
the top of the rig to a temperature of approxjmately 200°C and thus providing the same 
working conditions as the GCU. An illustration of the test rig is shown in figure 6.2 and a 
picture of the test rig is shown in appendix 4. 
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Figure 6.2, The Test Rig. 
6.3 CALCULATIONS OF THE SHE. 
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everal heat exchangers were designed and manufactured but upon testing were found to be 
unsatisfactory. This was due to the fact that only inaccurate data was available. Further 
experimental investigation provided the necessary information to design the heat exchanger 
described below. Figure 6.3 shows a schematic representation ofthe SHE. 
6.3.1 Oil Flow Rate. 
A flow metre was not installed in the cooling circuit because it was impractical to operate a 
flow metre at 150°C. However, it was necessary to know the o il flow rate for the heat 
exchanger to perform calculations below. It was possible to calculate the oil flow in the heat 
exchanger if the inlet and outlet temperature and the water flow rate was known. This is 
illustrated in appendix 5. The oil flow rate for a temperature between 150-180 °C was 
calculated by: 
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m · c · (T - T ) 
W p .W WO Wl 0 .0 182 · 4200 · (12- 11 ) = 0_0159 kgls 
2400 . ( 144 - 142) 
6.3.2 Heat Exchanger Calculations. 
The purpose of the calculatio ns was to find the length of the SHE (L). The heat exchanger 
was designed to be able to cool the o il by tJ. T = 30°C with a water flow from the mains of 1.0 
SLPM. Maximum inlet o il temperature 180 °C. The heat exchanger was made of copper C"-co = 
372 W/m-K). 
The water from the mains at I 0°C and o il at I 65°C have the following data: 
Water at I 0°C: 
p" = 998 kg/m3 
""' = 0.598 W/m·°C 
vw = 1.007· 10·6 m2/s 
Prw = 7.02 
cP." = 4200 J/kg·oc 
Oil at 165°C: 
Po = 780 kg/m3 
A0 = 0.123 W/m·°C 
v = 3· 10'6 m2/s 0 
Pr0 = 30 
cp.o = 2400 J/kg·°C 
Twr I Wa ter from mains, inle t 
' 
Oil from cooling O il from cooling 
circuit, outlet ---'-------+------r-----~- circu it , in le t 
~-- D = 6 mm d = 3 mm ~ 
Too 
Two I Water from mains, outl et 
y 
L 
Figure 6.3 , A counter flow heat exchanger. 
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The mains outlet temperature (Two ) had to be found so that the efficiency of the heat 
exchangers could be found. Two was found from the equation for the power balance, which is 
given by: 
Two = 0.0159 · 2400 ( 180 - 150 ) + 0.0167 · 4200 • 283 = 263 0 C 
0.0167 . 4200 
The heat capacity for the two liquids are: 
C1 = 0.0159 · 2400 = 38.16 W/K (Cm) 
C2 = 0.0167 · 4200 = 70.14 W/K (C,) 
The efficiency is given be: 
e = _L 
cpmax 
<pmax = Cm • ( T0 ; - Twi ) = 38.16 · ( 180 - 11 ) = 6449 W 
e = 0.0159 · 2400 ( 180 - 150) = 17.75 % 
6449 
The objective was to limit the temperature increase of the water from the mains. The increase 
in the temperature was from approximately 11 oc to 26°C. 
The heat transmission (k-F) is given be: 
= 
38
.1 6 = 0.5441 - z = 0.2 
70.14 
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z was read from a graph in [23] 
k-F 
z = - = k·F = z · Cm = 0.2 · 38.16 = 7.63 WIK 
cm 
The velocity of the oil in the SHE is: 
4·m 4·0.0159 
w = o = = 2.88 mls 0 
1t • p0 • d 2 1t • 780 • 0.0032 
Reynolds number is given by: 
Re = WO • d = 2.88 • 0.003 = 2880 > 2320 
vo 3·10-6 
Since Re was above 2320 the flow was fully turbulent. Nusselts number (Nu) for turbulent 
flow is given by the equation below. The heat transfer number for the inside pipe is given by: 
Nu = 0.023 · Re 0·8 • Pr 0·4 = 0.023 · 2880°·8 • 30°·4 = 52.49 W!m 2·K 
Nu· 'A 
a;= ---,d~o = 52.49 . 0.123 = 2152 Wfm2·K 
0.003 
The same calculations were carried out for the outside pipe. The calculations are: 
A = 1t • ( D 2 - d2 ) = 1t • ( 62 - 4.52 ) = 12.37 mm 2 
4 4 
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- mw - 0.0167 
w - -- - = 1.35 m!s 
w p • A 998 · 1.237·10-5 
Re = ww · d = 1.35 · 0·006 = 8044 > 2320 , Turbulent flow 
vw 1.007·10-6 
Re was above 2320. The flow was therefore turbulent, and Nu is given by: 
Nu = 0.023 · Re 0·8 • Pr 0·4 = 0.023 · 8044° 8 • 7.02°·4 = 66.78 W/m 2·K 
a = _M_u_·_A..::.w = 66.78 . 0.598 = 6656 Wfm2·K 
u D 0.006 
To calculate the length of the SHE, the heat transfer per unit oflength had to be found and is 
given by: 
1 1 1 
- - ---=--- + ---:--- + 
k·F 1 1t • D · a 1t • d · a. U I 
In ( ~) 
2·n·A. CO 
1 1 1 
+------
In ( 0.006 ) 
+ 
0
·
003 
= k-F 1 =22.17 W!m·K 
k·F' 1t • 0.006 · 6656 1t • 0.003 . 2880 2·n·372 
The length of the SHE is therefore: 
k·F 7.63 L = - = -- = 344 mm - 350 mm 
k-F 22.17 
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7.0 CONTROL STRATEGY. 
The selection of a suitable contro l strategy is vital fo r the perfo rmance of the cooling system. 
The contro ller must be able to respo nd quickly when a change in the conditions occurs and be 
able to keep the temperature of the reaction within a tight temperature span. 
7.1 CONTROL OBJECT AND BLOCK DIAGRAM. 
The contro ller was designed and tested with the a id of a test rig, able to produce 
approximately the same working condition as if the coo ling system were installed in the GCU. 
The contro l object is shown in figure 7. 1 be low. 
SENSOR 
,-r--
1 D: I I 
___ ____ j l_ l _j 
r---- -y--, 
: I '-'y~ I :REFERENCE VALUE 
I _......._ I 
I I 
L _______ j 
CONTROLLER 
P UMP 
e Th erm ocouple 
Figure 7. 1, The cooling system. 
T he system contains the following control units: 
Reference value: 
The refe rence value was set manually and is in degrees centigrade (°C). When the GCU is 
running, the reference value (setpo int) will be between 130-1 80°C. 
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Control element: 
The control element contained one proportional valve and two heat exchangers, the SHE and 
the PHE. 
Controlled object: 
The control object was the temperature of the exhaust (air/reformate) from the PHE. 
Sensor: 
The sensor was a thermocouple placed on the surface of the PHE. 
Controller: 
The cooling system was controlled by the computer program LabTech Notebook, using a 
Proportional+ Integral+ Derivative (PID) control strategy. 
The units used for the control system are shown in the block diagram in figure 7.2. 
~ Kp 
T['CJ .. .. "(~ M [kg~) T('C~ T["C] !I ,_, Kits VALVE 
-
SHE PHE 
-+- Kd s 
Tf'Cl TIC 
Figure 7.2, PID block diagram of the cooling system. 
7.2 COMPUTER SIMULATION. 
A simulation of the control strategy was carried out to get an approximation of the working 
conditions. The simulation was developed using the computer program MatLab/Simulink. 
7.2.1 Simulation Program. 
A program able to simulate the behaviour of the cooling system was designed in Simulink. 
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Figure 7.3, Simulation program. 
A block diagram, shown in figure 7.3, is a representation of the simulink program. The 
principle elements were: 
1) sum, comparison of the required set point and the present temperature. 
2) PID controller, calculations of response by the PID controller 
3) Product2, calculation of the cooling power. 
4) Suml, calculation of the net power based on the cooling power, electric power 
and the power of reaction. 
5) Integrator, calculation of the present temperature based on the net power feed 
into the system. 
6) 02 vs temp, calculation of the 0 2 at the present temperature. 
7) CO vs temp, calculation of the CO at the present temperature. 
8) Power of reaction, calculation of power of reaction. 
9) Muxl, collection of data. 
The value shown in he PID controller was not the value used in the test rig. 
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7.2.1.1 Power of Reaction. 
The power of reaction from the GCU was simulated by a function using the present CO level, 
the present 0 2 level and the reformate flow rate as operation parameters. The function is 
included in appendix 6. 
7.2.1.2 Heat Capacity for the GCU. 
The cooling power, the electric power and the power of reaction were added to form the net 
power going in to the GCU. The netpower and the time step interval were used to calculate 
the new temperature in the GCU given by the heat capacity ofthe GCU and the current 
temperature. 
A warm-up characteristic of the actual GCU is shown in appendix 7. The power was provided 
by the shell and tube heat exchangers and was approximately P = 1000 W. The slope of the 
graphs represents the increase of the temperature per minute. 
p = C dT 
dt 
With the aid of the equation above, the heat capacity of the GCU is: C = 16000 W/kgK (1/C = 
62 X J0-6). 
7.2.1.3 Look up Tables. 
It was necessary to know the level of 0 2 and CO at each temperature for the simulation of the 
GCU, to calculate the power of reaction. All values in the look up tables were taken from real 
test results carried out during testing of the GCU. 
The results of the test are shown in the graphs in appendix 8. A trend graph has been fitted to 
the graphs and a representation of data was used as values in the look up tables. 
7.2.2 Results of Simulation. 
The results of the simulation gave an estimation of the working condition of the system, and 
are shown in appendix 9. The power of reaction, represented by the pink line, began to 
increase from the initial temperature at 60 oc (look up tables begins at 60°C) until the 
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temperature reached to set point (130°C in this simulation) and the electric power and power 
of reaction was balanced by the cooling power. At this stage the net power wasP = 0 Wand 
the temperature stayed at the same level. 
7.3 SYSTEM IDENTIFICATION AND TRANSFER FUNCTIONS. 
7.3.1 First Order System. 
The measured transient response can be plotted logarithmically in order to achieve a more 
accurate estimation of the time constant. The transient of a first order system is given by: 
t 
t 
Which indicates that if the log function plotted against time is a first-order system. A linear 
graph of slope -lit (see figure 7.4) will be produced. 
Not only does the graph give a much better estimate oft but the linearity of the graph can be 
used to confirm whether the system is first order. Appendix I 0 shows the function and the 
linearity indicates that the system was first order. The small oscillation of the function was 
caused by measurement inaccuracy and noise. The deviation from linearity at larger 
temperatures was not significant. 
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Figure 7.4, Linearization of a step response [24]. 
7.3.2 The Transfer Function. 
TIME 
B) 
Appendix II shows how the temperature varied when the water flow was suddenly changed. 
A closer look at the response shows some transportation delay. The transportation delay was 
approximately Td = 25 sec. The initial temperature was approximately 135.3°C and it reached 
a steady-state temperature of approximately I20.6°C. The temperature difference constant C 
= I4. 7°C. The logarithm of the transient was plotted and is shown in appendix I 0 The time 
constant was found to be approximately t = 270 sec. 
The transfer function for a first order system plus transportation delay can be approximated 
by: 
G(s) = 
-T ·s K · e d 
I + t · s 
The transfer function for the cooling system was found to be: 
G(s) = -18.037 · e-lSs 
I + 270 · s 
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°C/SLPM 
where the constant K is the steady-state gain given by the steady-state temperature change C 
= 14.7°C divided by the change in water flow, which has been found to be 0.815 SLPM. 
-! 4·7 = -18.037 °CISLPM 
0.815 
7.3.3 The PID Transfer Function. 
The PID controller is commonly used and can be described mathematically by: 
If dx y = K0 (x + - x.dt + K0 -) K1 dt 
and can also be represented in Lap lace form: 
G(s) = 
7 .3.4 Tuning of the PID Controller. 
The tuning of the PID control system, was achieved with the aid of the computer simulation 
program Simulink. Simulink can be used to solve control system problems when the transfer 
function is known. An alternative to this is to use empirical rules for tuning controllers. 
Ziegler and Nichols (I 942) established a set of empirical rules for tuning controllers. This 
tuning is called the 'continuous cycling method' and uses results from a closed-loop test to 
tune the controller. 
7.3.4.1 Tuning By Computer Simulation. 
The cooling system was controlled by the computer program LabTech Notebook, using a PID 
control strategy. In order to get the best performance from the PID controller, the amount of 
each action (PID constants) has to be selected carefully. A perfect model of the cooling 
system was not available, but an estimate of the transfer function was found and the simulation 
of the system was possible using the computer program Simulink. 
The feedback system written into Simulink is shown in figure 7.5 and is similar to the system 
in figure 7 .2. 
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Figure 7.5, The feedback system written into Simulink. 
Initially the Ziegler and Nichols method was used, but the result of the tuning had poor 
stability and was therefore not satisfactory. It was necessary to modifY the Ziegler and Nichols 
method before the tuning gave a satisfactory result. After the modification the tuning was 
carried out with the following steps. 
I. The proportional constant (Kp) was adjusted until the system started to oscillate 
continuously. Kp was found to be = 0.38 
2. The integral constant (K1) was increased in small steps until it started to 
oscillate around the demanded temperature (K1 action improved steady-state 
accuracy). K1 was found to be= 0.005. 
3. The derivative (K0 ) constant was selected to reduce the oscillation (K0 improved 
relative stability) Ko was found to be = 2.0 
In most situations, an underdamped system is preferred. The computer generated response 
was underdamped and is shown in appendix 12. 
7.3.4.2 Stability. 
Since the cooling system contained a transport delay it was not possible to draw a Root-Locus 
plot and show that the controller was stable without using an approximation of the delay. An 
approximation of the transport delay can be given by: 
1 - Tjs + (T<f?112 
1 + Tjs + (T<f?/12 
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The angle and gain criteria are valid whether or not transport delay is present in the system. 
But the presence of a transport delay has an effect, the Root-Locus plot for the cooling system 
is shown in appendix 13. The two zeros were caused by the use of the approximation. 
The point of instability is where the root locus crosses the imaginary axis. The gain for this 
system (K = 0.38) was on the left side and the cooling system was therefore stable. The gain 
was approximately at the middle between the real and the imaginary axis and it was therefore 
possible to say that the system was underdamped. 
7.3.4.3 Control Performance 
The computer generated response (see appendix 12) was used to find the estimated response 
performance for the cooling systems. 
Percentage peak overshoot: 
The amount of overshoot was: 
% overshoot = 100 · 5. = 100 · 0.45 = 45% 
n1o I 
Raise time: 
The rise time is the time required for the response to go from I 0% of the final value to 90% of 
the fmal value (see figure 7.6). The rise time was found to be approximately T, = 30 sec. 
Settling time: 
The response must stay within a specified tolerance span. Typically tolerance spans are ±2% 
to ±5%. If the ±2% span was used, the settling time (which is the time for the transient to 
decay, see figure 7.6) was approximately T, = 228 sec. 
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Figure 7.6, Step response performance criteria [24][26] . 
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The computer generated response performance was compared with the response perfo rmance 
fo r the cooling system ans is described in section 8.2. 
7.3.3 Flowchart. 
A nowchart of the cooling system for the test rig is illustrated in appendix 14. The program 
made in LabTech calculates the power passed into the system by the heater and by the 
chemical reaction and the power taken out by the SHE and the PHE. 
The flowchart for the cooling system installed in the GCU is illustrated in append ix 15. The 
nowchart is nearly the same as the flowchart fo r the test rig, except that the heating is 
provided by the chemical react ions inside the PT IE. 
44 
7.3.4 Sampling Rate Selection. 
The selection of the sampling rate is important for any computer controlled system, because in 
general, if the sampling rate is too slow, the closed-loop digital system will be unstable [26]. 
The Shannon sampling theorem gives a theoretical limit on sample rates, and as a general rule 
the sampling frequency should be at least 5 to 20 times the closed-loop bandwidth, fh. 
The bandwidth is defined as the frequency at which the magnitude frequency response is -3 dB 
below the magnitude at zero frequency. The bandwidth can be found using the Bode plot in 
appendix 16 and was found to be fb = 0.0006 Hz. The sampling rate used for the cooling 
system was 5 Hz. 
7.3.5 Power Balance And On-Line Screen Display. 
Two separate screens were designed on the LabTech Notebook to give an on-line overview of 
the process. One screen displayed the temperatures and the CO output from the chemical 
reaction in the GCU (see appendix 17 picture A). The other screen displayed the tempera-
tures, flowrates and power balance of the cooling system which was calculated through the 
process (see appendix 17 picture B). The process was recorded on-line into a data file in the 
LabTech Notebook. 
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8.0 TEST RESULTS OF THE COOLING SYSTEM. 
Practical experiments were needed to select the equipment for the cooling system and to get 
the highest possible performance. All of the equipment was carefully tested and the results of 
the selection are contained in this section. All thermocouples were calibrated before use, see 
appendix 18. 
8.1 TEST AND SELECTION OF HARDWARE. 
8.1.1 Valve. 
To control the water from the mains, a proportional valve was needed. It was necessary for 
the valve to be able to respond quickly and resist the pressure from the mains at approximately 
3-4 bar. It was necessary for the valve to be controllable by computer as well. 
8.1.1.1 The Proportional Valve. 
A proportional valve was installed to control the water from the mains. Appendix 19 shows 
the valve and the actuator. 
Appendix 20 shows the results from the test with the control system. The initial temperature 
setpoint for this test was approximately 81 oc and the actual temperature at the top of the PHE 
was 77°C. When the temperature rose above the setpoint, the valve opened and the 
temperature started to drop. When the temperature again was below the setpoint, the valve 
was supposed to close. However, it remained open and leaked water into the SHE, control of 
the temperature was, therefore, not possible. At the line at 190 sec, the water was shut off 
manually, using the tap, and after a short period, the temperature started to rise again. At 
approximately 430 sec. the water was turned on again to the same level as before, using the 
tap, but the valve did not leak water into the SHE. When the temperature rose above the 
setpoint the valve opened and the temperature started to drop, as it was supposed to do. At 
620 sec. The setpoint was changed to approximately 65°C, the valve responded quite quickly 
and was fully open. When the temperature fell below the setpoint at 700 sec. the valve was 
supposed to close again. The valve did not close 100% but stayed open and leaked water into 
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the SHE and control was not possible. 
The valve was designed for central heating systems and was not designed to resist the pressure 
from the mains. This test clearly shows, if the water was manually shut off using the tap, the 
valve was released from the pressure and closed as it was supposed to do. If the water was 
turned on when the valve was closed, the valve was able to resist the pressure and not leak 
water into the SHE. Control with this valve was therefore no~ possible. 
8.1.1.2 The Solenoid Proportional Valve. 
To meet the requirement stated in the previous section, a solenoid proportional valve was 
installed. The valve is shown in appendix 21. The result of a test with the proportional valve is 
shown in appendix 22. 
The initial setpoint temperature was 75°C and the actual temperature was 90°C. When the 
temperature rose above the setpoint, the valve opened as it was supposed to do. When the 
temperature again was below the setpoint the valve closed and did not leak water into the 
SHE. This test showed that it was possible to control the temperature with the solenoid 
proportional valve and the valve was able to resist the pressure from the mains. This valve was 
therefore chosen to control the water from the mains. 
8.1.2 Heater. 
It was required that the temperature of the cooling oil should be above 150°C. To meet this 
requirement a heater was installed into the cooling circuit. 
8.1.2.1 Heating With Resistive Heater 
A resistive wire was wrapped around a pipe and connected to a power supply. The test of the 
heater is shown in appendix 23. 
The test was carried out over a 40 minute (2400 sec) period but the maximum temperature 
reached was approximately 75°C. The heater was therefore not powerful enough. 
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8.1.2.2 Cartridge Heater. 
To meet the requirement, a heater made with two 500 W cartridge heaters was designed and 
installed. The heater is shown in appendix 24. 
Tests using the 1kW heater show that it was capable of heating the liquid in the cooling circuit 
to the required temperature above 150°C. 
8.1.2.3 Position. 
The heater was placed after the pump. This position was chosen to minimize the lost of heat 
through the pipe before the PHE and make the pump work at the lowest temperature possible. 
8.1.3 SHE 
The SHE was required to take out the heat from the liquid in the cooling circuit and keep the 
controlled temperature at, for example, 150°C. 
8.1.3.1 Heat Exchanger 1 and 2. 
The initial heat exchanger ( heat exchanger 1) was a 2 metre copper pipe made as a coil and 
contained in a housing, see the picture of heat exchanger 1 in appendix 25. With this heat 
exchanger, it was possible to control the temperature with very small amounts of water and 
without a constant flow. A constant flow was preferable for a stable system and heat 
exchanger 1 therefore worked unsatisfactorily. In addition, the outlet temperature was very 
high and caused problems with steam. The performance ofheat exchanger 1 is verified in the 
calculations below. The temperature difference was ~T = 30°C. The equations is the same as 
in section 6.3.2. 
K·F' = 7·63 = 3.815 W/m·K 
2 
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1 
3.815 
1 1 
In ( 0.006 ) 
0.003 
= + + = a. = 235.79 W/m 2·K 
1t · 0.006 · a, 1t · 0.003 · 2880 2·1t·372 l 
Re = 
Nu = 237.79 • 0.006 = 2.37 
0.598 
0.8.-------
--2-·3-7-- = 123.91 
0.023 . 7.02°·4 
(laminar flow) 
To get a more accurate calculation of Re, the equation for laminar flow should have been 
used, but the overall result of the water flow rate would have been approximately the same. 
The above calculation is therefore acceptable in this situation. 
w = w 
123.91 . 1.007-10~6 = 0.0208 mls 
0.006 
mw = 0.0208 · 998 · 1.237·10~ 5 = 0.0003 kg/s = 0.0154 SLPM 
Heat exchanger 2 was a counter flow heat exchanger with a length of approximately 100 mm. 
Control with this heat exchanger was not possible at all. With maximum water flow this heat 
exchanger was capable of keeping the controlled temperature just below 160°C and was not 
able to reduce it, see appendix 5. 
8.1.3.2 Heat Exchanger 3. 
A counterflow heat exchanger was designed and installed, see appendix 26. The length was 
calculated in section 6.3.2 and was found to beL= 350 mm. 
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Control with this heat exchanger was carried out with a constant water flow which made 
control satisfactory. See appendix 27 
8.1.3.3 Position. 
The SHE was positioned just before the PHE so as to obtain the fastest response, and to 
reduce the transportation delay. 
8.1.4 Pump. 
The pump (see picture appendix 24) was not designed to work under conditions with high 
pressure and temperature (>7bar, 120°C). The life expectancy of the pump seals were 
significantly reduced under these conditions and the position of the other units in the cooling 
system was therefore chosen to give the pump the easiest working conditions without 
reducing the overall performance of the systems. When the system was running, and the pump 
inlet temperature of the oil was above 100°C, the pump had to produce a pressure of 
approximately 2 bar. The pump was tested under those conditions, and was able to work 
without problems. 
8.2 CONTROLLER. 
Before the cooling system was installed in the GCU, a test of the performance of the control 
strategy was carried out using the test rig. 
The test is shown in appendix 27. It was a 45 minute test and contained two step responses at 
realistic temperatures of approximately 150°C. The performance was characterized by the time 
specification constants below. The calculation was made from the second step response 
beginning at approximately 2200 seconds. The temperature response was compared with the 
computer generated response in appendix 12 and has similar characteristics. 
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Percentage peak overshoot: 
% overshoot = 100 · 5·7 = 45.6% 
12.5 
The overshoot found using simulink was calculated to be 45%. 
Raise time: 
The raise time was found to be approximately T, = 100 sec. compared with the computer 
generated response which was approximately T, = 30 sec 
Settling time: 
The settling time was found to be approximately T, = 270 sec. The settling time using 
Simulink was approximately T, = 228 sec. 
The overall performance of the control system was satisfactory and it was felt that it would be 
able to control the temperature of the chemical reaction inside the GCU. 
8.3 OPERATING CHARACTERISTICS OF PHE. 
Experiments were carried out to determine the operation characteristic of the PHE on the test 
bed shown schematically in figure 8.1. The temperature of the liquid was always the average 
temperature ofTai I Tbi and Tao I Tbo based on the design of the PHE. 
The water/oil reservoir was electrically heated via a regulated hot plate. The heating medium 
was pumped mechanically through the PHE coils and back to the heated reservoir. 
Compressed air passes through the PHE via a calibrated flowmetre and the pressure drop 
across the PHE was measured with a manometer. 
The temperature was measured in the positions shown and the mass flow of water/oil was 
determined volumetrically. 
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Figure 8.1, The PHE Test Bed. 
Experiments were carried out using four different PHE designs. 
Pos11ion ofThcmw~ouplcs 
Tcsl llctl 1 
Posll1on of Thermocouples 
Tcs l Bell 2 
Pu<tflun t>f Thermau~uuples 
Tc&l l.lctl 1 and 2 
A: 2 x stainless steel co ils encased in compacted stainless steel granules, contained in a 
stainless steel housing. 
Coil diameter = 3.2 mm 
Coil length= 1.5 m 
Housing diameter = 103 mm 
Housing length = 33 mm 
B: 2 x stainless steel coils contained in a stainless steel housing. 
Coil diameter = 3.2 mm 
Co iJ length = I. 7 m 
Housing diameter = 1 03 mm 
Housing length = 50 mm 
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C: 2 x stainless steel coils encased in a compacted and sintered stainless steel, contained in 
a stainless steel housing. 
Coil diameter= 3.2 mm 
Coil length= 1.7 m 
Housing diameter= 103 mm 
Housing length = 50 mm 
D: 2 x stainless steel coils encased in compacted sintered and catalysed stainless steel, 
contained in a stainless steel housing. 
Coil diameter= 3.2 mm 
Coil length = 1. 7 m 
Housing diameter= 103 mm 
Housing length= 33 mm 
8.3.1 Test Results and PHE Characteristics. 
The temperature used in the calculations were all average temperatures. All recorded 
temperatures and heat transfer calculations are shown in appendix 3. 
The PHE characteristics can be described in three different ways i.e. regarding efficiency, 
temperature profiles and the pressure drop across the PHE. 
PHE "D" can not be compared directly to designs A, B and C as modifications to the test bed 
resulted in some repositioning of the thermocouples for air temperature measurements. The 
test results are therefore shown in two different graphs. 
8.3.2.1 Efficiency. 
As expected, the sintered steel granules gave a large improvement in PHE efficiency. PHE 
"B", which contained only s.s. coils had a very low efficiency of approximately 12% (water= 
exchange medium}, see appendix 28. The efficiency would have been even lower using oil as 
the exchange medium, due to its lower specific heat capacity. However, the incorporation of 
the sintered stainless steel granules results in higher efficiencies of approximately 80 - 90 %. 
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An efficiency of90% must considered to be very satisfactory when compared to the small 
dimension of the PHE and the flow rates used. 
8.3.2.2 Temperature Profile of the PHE. 
The figures in appendix 29 shows the temperatures across the PHE measured on test bed l, 
with water as the heating medium. It was assumed that the temperatures at test points l + 5 
and 2 + 4 respectively were the same and this results in the graphs being synunetrical in 
nature. PHE C and D had increased contact area between the case and the sintered steel and 
therefore more heat could be transferred through the casing i.e. the air at the edge had a lower 
outlet temperature ( the results were as expected ). 
On test bed l the temperatures were measured above the air shield placed on the PHE, as 
shown in figure 8.1. With test bed 2 the temperatures were measured inside the tube and the 
influence of air streams coming from the surroundings was much lower than for test bed 1. 
It is significant that the difference in the temperatures at test point 1 was higher than it was at 
test point 5. The reason for this temperature drop was that the inlet temperature in coil 1 was 
higher than it was in coil 2. The hot liquid in coil 2 had a longer supply pipe and the liquid had 
a lower temperature when it reached the coil. The difference was approximately 5 - 8°C. 
However the test showed that the temperature profile was flatter in nature and this was the 
most important result of the investigation. 
8.3.2.3 Pressure Drop. 
A low pressure drop across the PHE is essential to the GCU system. Problems were envisaged 
with the significant pressure drops that may have incurred due to the sintering of the stainless 
steel granules. However test results showed that the pressure drops over a range of flow rates 
were negligible <2500 Pa. 
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9.0 TEST RESULTS OF CATALYSED PHE. 
Tests were carried out with two PHEs with a catalyst formulation ofPt-Rh (platinum-
rhodium) and Pt-Ru (platinum-ruthenium) respectively to analyse the performance and the 
ability to reduce the CO level from the fuel flow. 
Five positions for the thermocouples were used to establish the range of temperatures in the 
reactor. The temperatures were measured in the positions shown in figure 9.1. 
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Figure 9.1, Position of Temperature Measurement. 
9.1 SERIES OF TESTS. 
_j 
-:1 
To analyse the performance of the catalysed heat exchanger a series of tests was carried out, 
as listed in table 9 .1. 
Test 1 was carried out with constant stoichiometric and constant fuel flow rate to analyse the 
optimum operation temperature. The position of the thermocouple used as the control object 
was on the top of the PHE (TIC 5). Previous tests had shown that the highest temperature 
would develop at this point. 
55 
B oating Fuel Flow 0 2:H2 Temperature [SLPM] [%] [OC] 
I Pt-Rh 10 3 5 100-170 
2 Pt-Rh 10 2.0-3 .5 app. 150 
3 Pt-Rh 20 2.0-3 5 app 150 
4 Pt-Rh 2 .5-30 2.0 app . 130 
5 Pt-Rh 2 .5-30 2.5 app . 130 
6 Pt-Rh 2 .5-30 3.0 app. 130 
7 Pt-Ru 2 5-30 2.0 app. 130 
8 Pt-Ru 2 .5-30 2.5 app. 130 
9 Pt-Ru 2 5-30 3.0 a pp 130 
10 Pt-Ru 2 5-30 3 5 a pp 130 
Table 9. 1, Series of test carried out during analysis of coated heat exchanger, Pt-Rh, 
re-coated Pt-Rh and Pt-Ru. 
Tests 2-3 analysed the performance of a Pt-Rh heat exchanger w ith flow rates of 1 0 and 20 
SLPM respectively, a range of stoichiomatrics between 2-3.5% and a constant temperature. 
TIC 5 was used as the control object. 
Tests 4-6 analysed the performance of the Pt-Rh heat exchanger with a range of different flow 
rates, sto ichiomatrics and a constant temperature. In order to improve the catalytic 
performance compared to test 1-3, the PHE was re-coated with the same catalytic formulation 
ofPt-Rh but reaching deeper into the sintered steel and therefore creating a larger surface 
area. 
The thermocouple used as the control object for the controller in these and the following tests 
was on the bottom side of the heat exchanger (TIC 2). It was not possible with the present 
design of the GCU to attach a thermocouple on the top of the PHE. 
Tests 7-10 analysed the performance of a Pt-Ru heat exchanger using the same flow rates, 
stoichjomatrics and temperatures as in tests 4-6. Test conditions were as in test 4-6. 
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Tests 4-10 were carried out with a constant temperature of between 120-150°C which was the 
optimum operating temperature according to previous results. The fuel flow rate was reduced 
from 30 SLPM to 2.5 SLPM in steps of 5 SLPM and with an oxygen stoichiometric of2.0, 
2.5, 3.0 and 3.5%. Every step was approximately 15 minutes. 
Tests of the PHE re-coated with Pt-Rh and Pt-Ru (tests 4- 1 0) were carried out after 
modifications of the GCU and with a management system using air as the cooling medium. 
This system was not a part of this project and was not capable of keeping the temperature 
within a temperature span of ±5%. The management system was working with less 
satisfactory results in particular in tests 7, 8, 9 and 1 0, when the heat exchanger coated with 
Pt-Ru was tested. This was probably due the hjgh catalytic activity in comparison to the Pt-Rh 
heat exchanger. 
9.2 Test Results. 
9.2.1 Pt-Rh Heat Exchanger, Constant Fuel Flow and Oxygen Stoichiometric (test 1). 
A test of the PHE was carried out with a constant fuel flow rate of 10 SLPM and a 
stoichiometric of 3.5% 0 2:H2 to evaluate the optimum operating temperature range. 
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Figure 9.2, CO output at various temperatures. 
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The result is shown in the graph in figure 9.2 (the recorded temperatures and CO output are 
shown in appendix 30). The temperature was changed in steps of approximately I 0°C when 
the CO output had reached stable conditions. The optimum operation range of the PHE was 
found to be between I20-150°C. 
9.2.2 Pt-Rh Heat Exchanger, Fuel Flow= 10 SLPM (test 2). 
This test was carried out with a constant temperature of 150°C and the result was a CO level 
of 5500 ppm with a sto ichiometric of2%. When the sto ichiometric was increased to 3.5% the 
CO level was reduced to a level of 4100 pp m. The result of the test is shown in figure 9.3. 
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Figure 9.3, CO Output at Various %02H2 levels, Fuel Flow = I 0 SLPM 
9.2.3 Pt-Rh Heat Exchanger, Fuel Flow = 20 SLPM (Test 3). 
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It was fo und that the CO output was approximately the same at a flow rate of 10 and 20 
SLPM respectively, despite a higher catalytic activity. The CO level started at approximately 
4000 ppm at a oxygen stoichiometric of3.5% and increased to approximately 5000 ppm at 
2.5%. The CO output at 20 SLPM compared with the CO output at 10 SLPM was in general 
improved by onJy 2.5% despite a higher fuel flow rate. The result of the test is shown in figure 
9.4. 
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Figure 9.4, CO Output at various %0 2H2 levels, Fuel Flow = 20 SLPM 
9.2.4 Pt-Rh Heat Exchanger, %02:H2 = 2% (test 4). 
The results of the tests show that the CO level had been improved compared to previous tests, 
but it was still more than 3000 ppm when the fue l flow was above 5 SLPM. The CO dropped 
to a level of2000 ppm when the fuel flow fell below 5 SLPM. The result of the test is shown 
in figure 9.5 . 
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Figure 9.5, Test Results ofPt-Rh Heat Exchanger, %02H2 = 2.0% (test 4) 
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9.2.5 Pt-Rh Heat Exchanger, %02:H2 = 2.5% (test 5). 
The result ofthis test shows the same characteristic as the test in section 9.2.4. The average 
CO level was approximately 4000 ppm at a fuel flow down to a level of 1 0 SLPM, but the CO 
level feU to approximately 1500 ppm at a fuel flow of 5 SLPM. The result of the test is shown 
in figure 9.6. 
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Figure 9.6, Test Results ofPt-Rh Heat Exchanger, %02H2 = 2.5% (test 5) 
9.2.6 Pt-Rh Heat Exchanger, %02:H2 = 3.0% (test 6). 
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As in the previous tests of the Pt-Rh coated heat exchanger the CO level was high when the 
fuel flow was above 5%. The CO level was approximately 1 000 ppm lower when the fuel flow 
was in the range of 10-30 SLPM compared to tests 4 and 5. This was due to the higher 
stoichiometric of3% and higher catalytic activity in the reactor. 
The result ofthe test is shown in figure 9.7. 
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Figure 9.7, Test Results ofPt-Rh Heat Exchanger, %02H2 = 3.0% (test 6) 
9.2.7 Pt-Ru Heat .Exchanger, %02:H2 = 2.0% (test 7). 
The figure below (figure 9.8) is the result of the first test carried out with the use ofthe Pt-Ru 
coated heat exchanger. 
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Figure 9.8, Test Results ofPt-Ru Heat Exchanger, %02H2 =2.0% (test 7) 
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At the start of the test, the CO output was just below 2000 ppm and increased up to a 
maximum of 4500 ppm when the fuel flow was decreased. An output of 4500 ppm was 
reached with a fuel flow of7.5 SLPM. When the fuel flow was decreased down to 2.5 SLPM 
a rapid decrease in the CO output was measured. The lowest output at these fuel flow rate 
was approximately 500 ppm. 
9.2.8 Pt-Ru Heat Exchanger, %02:H2 = 2.5% (test 8). 
This test shows the same characteristics as the tests in section 9.2.7. The maximum CO output 
was approximately 3000 ppm at a fue l flow of 5 SLPM but decreased rapidly when the fuel 
flow rate was changed to 2.5 SLPM. The CO output at this flow rate was 700 ppm. The 
temperature was at that time approximately 120 °C and therefore had no influence on the 
result. It was assumed that the fuel flow of2.5 SLPM suited the surface area of the heat 
exchanger. The result of the test is shown in figure 9.9. 
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Figure 9.9, Test Results ofPt-Ru Heat Exchanger, %0 2H2 = 2.5% (test 8) 
9.2.9 Pt-Ru Heat Exchanger, %02:H2 = 3.0% (test 9). 
The maximum CO level was in this test approximately 3000 ppm at a fuel flow of7.5 SLPM. 
The minimum CO output was 500 ppm at a fuel flow of2.5 SLPM. 
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The result of the test is shown in figure 9.10. 
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Figure 9. 10, Test Results ofPt-Ru Heat Exchanger %0 2H2 = 3.0% (test 9) 
9.2.10 Pt-Ru Heat Exchanger, %02:H 2 = 3.5% (test 10). 
The test in this section had the most promising results in the series of tests carried out. The 
CO output at a fuel flow rate of 30 SLPM down to approximately 15 SLPM was around 1 000 
ppm reaching a minjum level of 500 ppm with a fuel flow of2.5 SLPM. 
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Figure 9. 11 , Test Results ofPt-Ru Heat Exchanger, %02H2 = 3.5% (test 10) 
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The maximum CO level was 2800 ppm at a fuel flow of 5 SLPM. A rapid decrease in the CO 
output was measured when the fuel flow was changed to 2.5 SLPM. This had occured in all 
previous tests as well. The result of the test is shown in figure 9. 11. 
9.3 Conclusion of Heat Exchanger Tests. 
Testing of heat exchangers coated with Pt-Rh and Pt-Ru respectfully gave a full overview of 
the performance of this technology at the present level. Table 9.2 shows the principle results 
of the tests carried out. 
Fuel Flow [SLPM]-
I 
2.5 
I 
10 
I 
20 
I 
30 
!%02:H2 
2.0 - 5500 5500 -
2000 4000 4200 4200 
500 3800 2600 2000 
2.5 - 5000 5000 -
1700 3900 4000 4000 
700 2200 1500 1200 
3.0 - 4500 4200 -
1300 3000 3000 3000 
500 1600 1100 1100 
3.5 - 4 100 4000 -
- - - -
500 1500 1000 1000 
Table 9.2, Result of Heat Exchanger tests. Results from: Pt-Rh, re-coated Pt-Rh and Pt-Ru. 
The first tests carried out were with a heat exchanger coated with Pt-Rh (green numbers). 
I 
As indicated in the table it was found that a CO output of 4000 ppm was too high with a 
conversion efficiency of approximate 43% (CO input: 7000 ppm) at a fuel flow of20 SLPM 
and a %02 :H2 = 3.5. Looking at the results the CO level decreased by only a small amount 
when the fuel flow was increased from 1 0 to 20 SLPM. It was concluded that the surface area 
was too small for the flow rate to be able the produce a CO level less that 20 ppm but it would 
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be possible to achieve a lower CO output if the fuel flow rate was further reduced. 
Tests 4-6 (blue numbers) were carried out with the re-coated Pt-Rh heat exchanger. The 
performance of the heat exchanger was improved compared to the test results in 2 and 3 with 
a minimum CO output of 1300 ppm at a flow rate of2.5 SLPM and a %02:H2 = 3.0%. The 
conversion efficiency under these conditions was 81%. It was concluded that the re-coating 
had given an improvement in the CO output but only at low fuel flow rates and the heat 
exchanger was not capable of meeting the requirements of a CO level <20 ppm. The surface 
area was therefore still too small for the flow. It was assumed that it would be possible to 
reach a lower CO level if the fuel flow was further reduced, but this was not possible with the 
present equipment. 
The red numbers in the table above show that the use ofPt-Ru reduced the CO output 
compared to previous tests despite a larger variation of the temperature. The maximum 
conversion efficiency was approximately 93% with a CO output of 500 ppm at a fuel flow of 
2.5 SLPM and at different %02:H2• This was the lowest output performed in the serial of tests 
carried out, but the surface area was still to small too reach a CO level below 20 ppm at high 
flow rates. 
The overall conclusion was that although the thermal management of the PHE was very 
satisfactory compared to the previous test of the monolith, it was found that the CO output 
were too high due to the poor catalytic activity of the PHE. More research into this 
technology using compressed catalysed sintered steel is required, if it is to be used for fuel cell 
applications in the future. 
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10.0 CONCLUSION 
In order to reduce the CO level from the hydrogen rich gas, stream a GCU was required. To 
allow direct contact of the catalysed layer with the heat transfer system, a catalysed monolith 
with an integrated reactor (PHE) was designed and constructed with two stainless steel coils 
encased in compacted sintered and catalysed stainless steel. The PHE was tested to determine 
the operating characteristics. As expected, the sintered steel gave a large improvement in the 
heat exchangers efficiency. The efficiency was approximately 80-90% compared to an 
efficiency of approximately 15% without the sintered stainless steel. In both designs the 
pressure drop across the PHE was <2500 Pa over a range of flow rates. The nature of the 
temperature profile across the top of the PHE were also important for the overall 
performance. A PHE with an increased area between the case and the sintered steel (PHE C 
and D) gave a flatter temperature profile which was preferable. 
The PHE was installed in a cooling system and was managed by the computer program 
LabTech Notebook using a PID control strategy. An estimate of the transfer function was 
found and was characterised by a small transport delay compared with the time constant. The 
selection of the PID gains was carried out with the aid of the computer simulation program 
Simulink. The computer generated response was underdamped which is preferred in most 
situations. A real test of the controller showed a similar response characteristic with a 
temperature span within ±5% at all temperatures. The overshoot, raise time, settling time and 
damping ratio was 45.6%, T, = 100 sec, T, = 270 sec and~= 0.011 respectively. On-line 
calculations of the power balance were carried out and displayed on the computer screen. 
The performance of the controller made it possible to keep the temperatures and the CO 
output constant. Two PHE coated with a formulation of Pt-Rh (platinum-rhodium) and one 
coated with Pt-Ru (platinum-ruthenium), were tested to analyse the reduction of the CO level 
in the fuel flow. 
It was found that the optimum temperature range of the PHE was between 130-150°C. This 
range of temperatures was used in the following tests. The fuel stream contained 75% 
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hydrogen with an initial CO level of 7000 ppm. 
Rt-Rh heat exchanger: 
It was possible with this heat exchanger to reach a CO-level of 4100 ppm with a 
stoichiometric of3.5% and a fuel flow of10 SLPM. The CO-level was approximately 
4000, when the fuel flow was increased to 20 SLPM, at the same stoichiometric of 
3.5%. Despite a higher flow rate, the CO-level was only improved by 2.5%. This gave 
a conversion efficiency of approximately 43%. 
Re-coated Rt-Rh heat exchanger: 
The performance of the re-coated Rt-Rh heat exchanger was improved compared with 
the previous tests. The CO output reach a level of 1300 ppm at a flow rate of2.5 
SLPM and a stoichiometric of3.0%. This result gave a conversion efficiency of81 %. 
Rt-Ru heat exchanger: 
The result of the Rt-Ru heat exchanger gave the lowest CO level measured in this 
serial oftests. With this heat exchanger, it was possible to reach a CO output of 500 
ppm at a fuel flow of2.5 SLPM at a stoichiometric of2, 3 and 3.5%. This gave a 
conversion efficiency of approximately 93%. 
In all three cases the output stayed at approximately the same level despite a higher catalytic 
activity (higher flow rate). At the same time the CO level decreased when the fuel flow was 
less than 5 SLPM. This meant that the surface area of the PHE was too small for the flow and 
it would only be possible to achieve a lower CO level at a fuel flow less than 5 SLPM. This 
was not possible with the present equipment. 
Despite mechanical problems and the fact that it was not possible to get a CO output below 20 
ppm, the overall performance and the thermal management of the cooling system were very 
satisfactory with a temperature span within ±1% at 130°C. 
The objectives for this project were reached and it is therefore a good basis for future work in 
this area. 
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APPENDIX 
THEGCU 
Appendix 1 
r-
- '----
- . 
The Primary Heat Exchanger installed in the GCU 
The Primary Heat Exchanger (PHE) 
Appendix 2 
HEAT TRANSFER CALCULATIONS OF THE PHE. 
A: WATER AS HEATING MEDIUM. 
Ma1r T t T2 TJ T4 Ts 
75 85.1 84.6 82.6 80.5 22 
150 84.9 82.7 81. 1 80.9 22 
225 84.9 80.6 80.7 78.5 22 
300 83.8 78.5 79.6 78.2 22 
Table A1 : Heat Exchanger A, Water and Air 
The water massflow was found to be: 
ITl..vatcr: 500 ml in 80 sec. (Coil I) 
ITl..vater: 500 ml in 72 sec. (Co il 2) 
T6 
51.2 
50.2 
48.7 
46.3 
The average water massflow was calculated to be: 
ITl..vater: 500 ml water in 76 sec. = Ill..vater = 6.58 . 10'3 kg/s 
The Heat Exchanger power balance is: 
T7 Ts T9 
86.8 70.5 80 
80.9 68.5 78 
74 65.2 74.3 
68 60.6 68.8 
m = C ·(T - T ) = C ·( T - T) 
'I" warer i.water o,water air o,mr i,air 
C,vatcr and Cair = flowcapacity. 
The flowcapacity can be calculated from the foUowing equation: 
C = m· c p 
Specific heat capacity of water ( cP ) = 41 80 J/kg· K 
C = M · c = 6.58·10-3 · 4180 = 27.5 W/K 
water water p,water 
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To Twater 
83 93 
81.2 92 
75.6 90.5 
69.3 89 
The outlet airflow is calculated as an average temperature. It is assumed that the temperature 
is the same around the edge of the heat exchanger as in the centre. The temperature is 
therefore calculated as shown below. 
T o,air = 
= 70.5 + 2 · ( 80 + 83 ) = 76_8oc 
5 
The calculated results are shown below in table in A2. 
Mair [Vs] T,,water [OC] To,watcr [oC] Ti,air [oC] To,rur[0 C] 
75 83.6 82.6 22 76.8 
150 83 81.8 22 74.8 
225 82.8 80.1 22 70.9 
300 81.7 78.4 22 65.6 
Table A2: Heat Exchanger A, Hot Water and Air. 
Air flowcapacity: 
C (T - T ) c ( T. - T ) = ca,·r ( T O,Otr - r,,a,·r ) - c = _w_at_er __ i,'-wa_te_r __ o...:..•'_va_ter __ 
water t,water o,water T T 
o,01r - /,air 
Since air has the lowest flowcapacity the maximum heat flow is: 
<f>max = Cair ( T,,water - T, ,a,r ) 
The coefficient of the heat exchanger performance is therefore: 
e = 
<f>max 
= Cwater ( Ti,water - T o,water ) 
C air ( Ti,water - T t,atr ) 
The example below is based on temperatures with a airflow of75 Vs. 
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Calr = 27.5 ( 83.9 - 82.6 ) = 0.65 W/K 
76.8 - 22 
CJ>max = 0.65 · ( 83.9 - 22 ) = 40.23 W 
e = 27.5 ( 83.9 - 82.6 ) = 88.86 % 
40.23 
Results from various air tlowrates are summarised below in table A3. 
M.tir[Vs] Cair[W/K] CJ>ma.JWJ 
75 0.65 40.23 
150 0.63 38. 13 
225 1.52 92.42 
300 2.08 124.26 
Table A3, Calculation Results from Heat Exchanger A, Hot Water and Air. 
A: OIL AS HEATING MEDIUM. 
Matr Tt T2 TJ T4 Ts T6 
75 99 95 97 93.5 22 55.5 
150 99 88 94 88 22 52.6 
225 97 84 94 85 22 50.2 
300 98 78 94 82 22 47.6 
Table A4: Heat Exchanger A, Oil and Air 
The water masstlow was found to be: 
l11..vatcr: 200 ml in 38 sec. (Coil 1) 
Il\vater: 200 ml in 41 sec. (Coil 2) 
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T7 Ts T9 
95 73 78 
92 75 87 
82.6 69 80 
74.4 63 73 
e[%] 
88.86 
86.56 
80.34 
73 .03 
To Toil 
94 122 
89 119 
82 11 9 
73 119 
Since it was not possible to find the specific heat capacity for the sunflower o il used, the 
specific heat capacity fo r olive oil was used instead as this was assumed to be of a similar 
value. 
cP (olive oil) = 1970 J/kg·K 
Density of sunflower o il = 913 kg/m3 
The average o il massflow calculated to be: 
V . Po, 
m =---
0.2· 10-3 0 913 
= = 4.S7· 1 o-3 kgls 
40 
O il flowcapacity: 
C .1 = 4.S7· 10 
3 
· 1970 = 9 W/K 
0 1 
Results and calculations with various flowrates are summarised below in table AS and 
table A6. 
Mair [Vs] Ti,water [°C] To,water [°C] T1air [oC] Toair[0 C] 
7S 98 94 22 83.6 
1SO 97 88 22 82.6 
22S 96 8S 22 76 
300 96 8S 22 69.2 
Table AS: Heat Exchanger A, Hot Oil and Air. 
Mair[Vs] Cair[W/K] <i>ma.JWJ e[%] 
7S O.S8 44.08 81.67 
1SO 1.34 100.2S 80.8 
22S 1.83 135.67 72.97 
300 2.09 155.2 1 63.78 
Table A6: Calculation Results from Heat Exchanger A. Hot oil and Air. 
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B: WATER AS HEATING MEDIUM. 
M.n- Tl T2 TJ T4 Ts 
75 85 79.5 87.6 83 22 
150 82.5 79.2 87.5 81 22 
225 85 78.2 87.5 81 22 
300 85.6 77.1 87.4 79 22 
Table Bl: Heat Exchanger B, Water and Air 
The water massflow was found to be: 
11\wre.: 200 mi in 31 sec. (Coil!) 
11\wre.: 200 mi in 30 sec. (Coil2) 
The average water masstlow = 6.68·1 o·3 kg/s 
T6 T1 Ts T9 
50.6 - 28 30 
50.8 - 24 27 
50.1 - 24 27 
50 - 23 26 
Cwater = mwater • Cp,water = 6.68·10-3 · 4180 = 27.9 WIK 
Results for various air flowrates are summarised below in table B2. 
M.n- [Vs] T,wat"' (oC] To,wato< (oC] T,..,.(oC] 
75 98 94 22 
!50 97 88 22 
225 96 85 22 
300 96 85 22 
Table B2: Heat Exchanger B, Hot Water and Air. 
To T-.,. 
36 100 
33 100 
31.5 100 
29 100 
T •. .rr[OC] 
83.6 
82.6 
76 
69.2 
It should be noted that for these calculations when the air flowcapacity has a higher value than 
water (Cwa..,. = 27.9 W/K in this test), it is necessary to use C"""' when cpmax is calculated, i.e 
for an air flowrate = 225 1/s. 
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c.;, = 27·9 ( 863 - 79 ) = 43.33 WIK > Cwater = 27.9 WIK 
26.7 - 22 
cpmax = 27.9 ( 86.3 - 22 ) = 1794 W 
e = 27.9 ( 86.3 - 79 ) = 11.35 % 
1794 
Results for various air flowrates are sununarised below in table B3. 
M,.;,.[Vs] C,;,-[W/K] cpmax[WJ 
75 17.6 1,131.9 
ISO 35.7 1.785.6 
225 43.33 1.794 
300 101.5 1.786 
Table B3: Calculation Results from heat Exchanger B, Hot Water and Air. 
e[%] 
13.35 
10.77 
11.35 
12.5 
N.B. Tests were not carried out using sunflower oil with heat exchanger B. The oil has a 
lower specific heat capacity than to water and the efficiency coefficient ( e [%] ) will therefore 
be lower. 
C: WATER AS HEATING MEDIUM. 
M,;,- Tt T2 TJ T4 Ts T6 T7 Ts T9 To Twater 
75 83 81 79.5 77 22 69.6 80.6 66 78 78.5 92 
150 83.5 81 82 76 22 69 80 72.5 77 77 93 
225 83.5 80 80.2 74 22 68 76.5 69.7 74.1 75 92 
300 83 78 80 73.5 22 66.8 67 64.2 66.8 67 92 
Table C 1: Heat Exchanger C, Water and Air 
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The water massflow was found to be: 
m,..,er: 200 ml in 25 sec. (Coi11) 
m,..ter: 200 ml in 27 sec. (Coil2) 
Calculated water mass flow rate= 32.1 W/K 
Calculations were carried out as detailed perviously. Results for various flowrates are 
summarised below in table C2. 
M.... [Vs] T,water [•C] To.water [oC] T. [OC] 
'·"" 
T •. w[oC] 
75 81.5 79 
150 81.5 77 
225 81.5 77 
300 81.5 75 
Table C2: Results from Heat Exchanger C, Hot Water and Air. 
The respective calculations are sununarised in table C3. 
M.;,[IIs] C'"'[W/K] cpmax[WJ 
75 17.6 1,131.9 
150 35.7 1.785.6 
225 43.33 1.794 
300 101.5 1.786 
22 
22 
22 
22 
Table C3: Calculations Results from Heat Exchanger C, Hot water and Air. 
C: OIL AS HEATING MEDIUM. 
M'"' TI T2 T3 T• Ts T6 T7 Ts T9 
75 97.5 93 93.4 80 22 76.5 95 83.3 88 
150 98.3 91.5 95.1 80 22 76.5 91 83.4 87 
225 98.4 86.5 93 76 22 73.5 77 74 76 
300 97 85 94 73 22 70 69 66 68 
Table C4: Heat Exchanger C, Oil and Air 
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75.7 
74.2 
72.5 
65.8 
e[%] 
13.35 
10.77 
11.35 
12.5 
To Toil 
88 118 
88 115 
77 114 
69 114 
The water massflow was found to be: 
~Dwater: 200 ml in 36 sec. (Coil I) 
~Dwa1.,: 200 ml in 39 sec. (Coil2) 
Calculated water mass flowrate = 5.07· 10·3 kg/s 
Calculated flowcapacity = 9.98 WIK 
The test results are summarised below in table C5. 
Mair [Vs] T; water [•C] To water [•C] 
75 95 87 
150 96.7 86 
225 95.8 81 
300 95.5 79 
Table C5: Results from Heat Exchanger C, Hot Oil and Air. 
T. [OC] 
'·"" 
T •. air[OC] 
22 86.1 
22 85.7 
22 75.4 
22 67.4 
The heat exchanger calculations were carried out as outlined in previously calculations. The 
calculations are summarised in table C6. 
~[Vs] Cair[WIK] <pmaJWJ e[%] 
75 1.24 90.5 88.2 
150 1.68 125.5 85.1 
225 2.75 202.7 72.4 
300 3.66 268.9 61.2 
. Table C6: CalculatiOns Results from heat Exchanger C, Hot Oil and Air. 
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D: WATER AS HEATING MEDIUM. 
M... TI Tz TJ T. Ts T6 
75 85.5 81.6 77 80 56 79.5 
150 84.7 79 79 80 53 76.6 
225 83.7 76.2 77.5 77.3 49 70.5 
300 80.5 72.4 75.9 72 44.5 64.2 
Table Dl, :Heat Exchanger D, Water and Air 
The water massflow was found to be: 
lllwater: 200 m! in 27 sec. (Coil1) 
lllwater: 200 m! in 29 sec. (Coil2) 
Calculated water massflow lllwater = 7.41·10·3 kg/s 
Flowcapacity Cwater = 30.96 WiK.. 
Test results are summarised below in table D2. 
T7 Ts T9 
74.2 74.5 74.1 
76.5 74 75.1 
72.8 69.2 70 
67.9 64.4 62.3 
M...[lls] T(water [oC] To water [oC] T 0 [ 0 C] 
..... 
75 81.3 80.8 22 
150 81.9 79.5 22 
225 80.6 76.8 22 
300 78.2 72.2 22 
Table D2: results from Heat Exchanger D, Hot Water and Air. 
The heat exchanger calculations are summarised in table D3. 
M,;.[lls] C.ur[W/K] <Jlm.,JWJ 
75 0.29 17.19 
150 1.41 84.46 
225 2.46 144.16 
300 4.44 249.53 
To 
74.6 
72 
67 
60.4 
Table D3: Calculation Results from Heat exchanger D, Hot Water and Air. 
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Tw T(.ur 
91 22 
91 22 
89 22 
85 22 
To,rur[oC] 
75.4 
74.8 
69.9 
63.8 
e[%] 
90.1 
87.9 
81.6 
74.4 
D: OIL AS HEATING MEDIUM. 
M..,. Tt Tz TJ T4 T, 
75 97.9 82.1 78.5 81.1 56 
150 88.8 78.9 81.9 80 50 
225 89.5 77 84 78.5 47.8 
300 92.1 77 82 76.8 42.4 
Table D4: Heat Exchanger D, Oil and Air 
The water massflow was found to be: 
~I~wa1.,.: 200 ml in 28 sec. (Coil1) 
lllwa..,.: 200 ml in 29 sec. (Coil2) 
T6 T7 Ts T9 To T.a T,..,. 
81.1 77 74 77 76.4 99.5 22 
74.2 76.1 73.2 74.4 70 100 22 
69.1 73.9 70.4 69.5 65.5 104 22 
63.1 69.6 67 62 59 106 22 
Sunflower oil as the heating medium was replaced by Shell Thermia. Since the specific heat 
capacity was unavailable, the value for Paraffin oil was used instead as a close approximation. 
Paraffin oil density= 800 kg/m3 
Paraffin oil specific heat capacity = 2130 J/kg· K 
Calculated mass flowrate = 5.71·10'3 kg/s 
Calculated flowcapacity = 12.17 W/K 
Calculations have afterwise being carried out in the same way as perviously described. The 
test results respectively and calculations are shown below in tables D5 and D6. 
M..,. [Vs] T,wat"' [OC] To. wat"' [oC] T,..,.[oq T ...... [oq 
75 95 87 22 86.1 
150 96.7 86 22 85.7 
225 95.8 81 22 75.4 
300 95.5 79 22 67.4 
Table D5: results from Heat Exchanger D, Hot Oil and Air. 
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M,;,[lls] C.rr[W/K] (j>max£W] e[%] 
75 1.24 90.5 88.2 
150 1.68 125.5 85.1 
225 2.75 202.7 72.4 
300 3.66 268.9 61.2 
Table D6: Calculation Results from Heat exchanger D, Hot Oil and Air. 
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THE TEST RIG 
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POWER OF REACTION. 
This Mat lab function calculates the power of reaction. 
function y =gcu_p2 (inpts) 
%This function calculates the power of the reaction 
m _refor = inpts( 1 ); 
02_out = inpts(2); 
CO _left = inpts(3); 
% Reformate tlowrate in SLPM 
% 02 ration in % 
% Left CO-level in ppm 
CO_burnt = 7000- CO_left; %Burnt CO 
M_h2 = (m_refor*0.75)/(22.4*60); % H2 flowrate in mole/sec 
M_co = ((m_refor*0.007)/(22.4*60)); %CO flowrate in mole/sec 
M_o2_out = (m_refor*02_out/100)/(22.4*60); %02 out flow in mole/sec 
P_co = (CO_burnt*M_co*283000)/(7000); %Power ofCO 
M_h2_burnt = 2 * (M_h2*0.04-M_o2_out); 
P _h2 = M_h2_burnt*285800; %Power ofH2 
P _total = P _eo + P _h2; 
y = [P _total] ; 
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CALffiRATION 
ACD CO Analyser : 
Calibration of the ADC CO Analyser has been carried out before use. The way the calibration 
A= Span Gas at 35 psi Gas Divider 
H2 : 74 .3% 
C02 : 25% 
CO : 0.7% 
B = Zero Gas at 30 p!' 
N 2 : lOO% s.e~ectscompo-. 
stlton of gas mtx 
based om% A 
and B 
Calibration of ADC CO Analyser. 
has been carried out is showed below. 
Gas Mix 
ADC CO 
A nalysu 
3 Ranges: 
a) 0- 100 ppm 
b) 0 - 2500 ppm 
c) 0 - 7000 ppm 
Voltag~utput 
1) Span Gas and Zero Gas are connected to the Gas Divider. The Span Gas contains a 
known composition and was for the calibration 74.3% H2, 25% C02 and 0.7% CO. It 
is possible with the Gas Divider to select a composition of a gas mix based on the Span 
Gas and the Zero gas. 
2) The mixed gas from the Gas Divider is passed into the ADC CO Analyser The level of 
CO in the mixed gas is measured by the ACD CO Analyser and converted to a voltage 
output. The level of CO from the Gas Divider is calculated as a percentage of the total 
amount of gas into the analyser. The concentration of CO can be measured by the 
analyser over 3 ranges (0-1 00 ppm, 0-2500 ppm and from 0-7000 ppm). 
3) The voltage is plotted against the CO level. 
4) A 3rd order polonium is fitted to the curve and is used as a function in LabTech 
Notebook. 
Thermocou pies: 
All thermocouples has been calibrated with the use of ice and boiling water at a temperature of 
0 oc and 100 °C. 
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PROPORTIONAL SOLENOID V AL YE 
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HEAT EXCHANGER I 
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HEAT EXCHANGER 2 
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Temperature Profile of Heat Exchanger vs Air Flow rate 
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